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ABSTRACT 
Sulfonated and Zr-loaded MCM-41 structures with different Zr-loading were 
successfully synthesized by direct incorporation of Zr into MCM-41 framework 
followed by sulfonation. The samples were characterized by XRD, FTIR, HR-TEM, 
BET, EDX and NH3-TPD. From XRD and BET results, the meso-structure of MCM-
41 material with high surface area was revealed. HR-TEM images showed the 
formation of cluster-free mesopore skeleton framework. NH3-TPD result confirmed 
the presence of Bronsted acidic and lewis acidic sites in S-Zr-MCM-41 catalysts. S-
Zr-MCM-41 with 15 % of Zr-loading exhibited the highest cellulose conversion (65-
70%) and 5-Hydroxymethyl furfural selectivity (16 %), which is attributed to the high 
ratio of the Bronsted-to-Lewis acidic sites. 
 
Keywords: Sulfonated Zr-MCM-41 materials, Zr incorporation into MCM-41 
framework, Cellulose conversion to 5-HMF 
1. Introduction 
5-hydroxymethyl furfural (5-HMF) has been reported as a major platform 
chemical that could be produced from hemicellulose and cellulose by hydrolysis in 
acid medium [1-3]. HMF is a versatile intermediate between biomass-based 
carbohydrate chemistry and petroleum-based industrial chemistry with potential use 
in production of chemicals and fuels [4,5].  Production of HMF from cellulose 
requires 3 step catalytic mechanism involving: hydrolysis of cellulose to glucose 
catalyzed by a Brønsted acid, isomerization of glucose to fructose by lewis acid 
assistance and dehydration of fructose to 5-HMF by a Brønsted acid [6]. To convert 
cellulose into HMF, several homogeneous catalysts have been used including H2SO4, 
HCl-AlCl3, CrCl2-CrCl3, ZrOCl2/CrCl3 [7-11]. However, the use of homogeneous 
catalysts is limited, regarding environmental issues and drawbacks with respect to the 
corrosion, toxicity, difficulty of catalyst separation-recovery, creation of huge solid 
waste [12]. To overcome these limitations, recently, the usage of solid acid catalysts 
in the conversion of cellulose to HMF has received a great interest [13-17].  
As mentioned above, conversion of cellulose to HMF is catalyzed by both 
Brønsted and lewis acid sites. For this purpose, bifunctional solid acid catalysts have 
been developed and used [18-21]. Mazzotta et al [21] reported the high effectiveness 
of Ti(IV)-HSO3 catalyst for dehydration of cellulose, glucose and fructose. They 
depicted the possible dual role of the Brønsted and lewis acid sites for the facile bio-
mass conversion.   
Osatiashtiani et al [18] have used bifunctional sulfonated zirconia catalyst for 
conversion of glucose to HMF and showed high effectiveness of this catalyst. 
Additionally, higher effectiveness was obtained when they used the sulfonated 
zirconia impregnated on mesoporous silica SBA-15 [19]. Mesoporous silica like 
SBA-15, MCM-41 has widely been used as effective supports due to the high surface 
area (600-1000 m2/g) and large pore size (5-10 nm) [22-24]. 
In the present work, we report the synthesis of S-Zr-MCM-41 catalysts by 
direct incorporation of Zr into MCM-41 framework followed by sulfonation. 
Catalytic activity and selectivity of S-Zr-MCM-41 samples in the conversion of 
cellulose to 5-hydroxymethyl furfural were tested and evaluated. The role of Brønsted 
and lewis acid sites on the catalytic performance was also discussed.  
2. Experimental  
2.1. Synthesis of S-Zr-MCM-41 materials 
Chemicals: ZrSO4 (Aldrich), TEOS (Aldrich), NH4OH solution (25%), CTABr 
((Aldrich), 1-butyl-3imidazium cloride (Aldrich), H2SO4 (98% concentration). 
Zr-MCM-41 samples were synthesized by hydrothermal treatment, according 
to the procedure described by Chen et al [25]. Zr-MCM-41 mesoporous materials 
were prepared with Zr/Si ratio of 4 - 20% (in weight) using ZrSO4 and TEOS as Zr 
and Si source, respectively where CTABr used as a template. The certain amounts of 
ZrSO4, TEOS, CTABr and NH4OH solution were introduced into a beaker and stirred 
in a glass bath until homogeneous gel was obtained. The gel was poured into a teflon-
lined autoclave for crystallizing in a furnace at 100 oC for 24h. Products were 
separated by centrifuge apparatus and then they were washed, dried and calcined at 
550 oC for 4h. The obtained samples were sulfonated by treatment with sulfuric acid 
solution of 1.0 M  at room temperature for 1 h. Sulfonated Zr-MCM41 samples were 
washed with the destillated water and then dried in a furnace at 100 oC, overnight. 
The obtained samples are denoted as S-4Zr-MCM-41; S-8Zr-MCM-41; S-
12Zr-MCM-41; S-15Zr-MCM-41 and S-20Zr-MCM-41 with respect to 4, 8, 12, 15 
and 20% Zr loading. 
2.2. Characterization of S-Zr-MCM-41 
MCM-41 and S-Zr-MCM-41 samples are characterized by XRD performed on D8 
Advance (Germany). TEM images were collected on a FEI TECNAI G2 20 X-Twin 
high-resolution transmission electron microscope (equipped with electron diffraction) 
operating at an accelerating voltage of 200 kV, where the samples were drop-cast 
onto carbon film coated copper grids from ethanol suspension. Energy Dispersive 
spectroscopic investigation was registered on an S-4700 scanning electron 
microscope (SEM, Hitachi, Japan) with accelerating voltage of 10-18 kV. FTIR was 
performed on JASCO (USA) machine FT-IR-4100. TPD-NH3 measurements were 
performed on Autochem II with a heating speed of 10oC/min. 
 
2.3. Cellulose conversion reaction into 5-HMF 
The conversion of cellulose to 5-HMF using S-Zr-MCM-41 catalysts was 
carried out in a teflon-lined stainless steel device equipped with a stirring system. A 
mixture of 2g cellulose, 0.2 g of catalyst, and 10 ml of water were poured into a 
reactor. Under the reaction conditions of reaction temperature of 170oC, reaction time 
of 2h, heating speed of 10oC/min and stirring speed of 250 rotations/min. Reaction 
products were obtained from separation of solid catalyst by using centrifuge 
apparatus. The product was analyzed by GC/MS Instruments - Agilent. 
 
3. Results and Discussion  
3.1. X-Ray Difraction (XRD) 
XRD patterns of sulfonated Zr-MCM-41 sample are shown in Figure 1. As 
observed in figure 1a, all S-Zr-MCM-41 samples showed an intense peak at 2θ of 2o, 
3.7o and 4.4o attributed to the reflecting plane of (100), (110) and (200), respectively. 
These reféections are characteristic for the hexagonally ordered structure of MCM-
41. However, in XRD patterns at large angle (Figure 1b), the typical peaks of ZrO2 
structure did not appeared. This may be explained by the fact that the Zr is doped into 
the structure or ionic exchange postion of the MCM-41 or the size and amount of the 
incorporated ZrO2 clusters was too small, so it can not be detected by XRD. 
 
Figure 1. XRD patterns of S-Zr-MCM-41 samples at small angle (a) and large 
angle (b) 
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Table 1. presents the lattice parameters (d100 and ao) of S-Zr-MCM-41 with 
different Zr loading. The distance and lattice constant increased with increasing Zr 
substitution degree. Note that Zr4+ ion larger than Si4+ ion, so Si substitution by Zr 
causes the increase of latice parameters. However, at high Zr loading (20% Zr) lattice 
parameters did not increase but they decrease. This indicated that a part of Zr was 
existed as an extra framework Zr. 
 
Table 1. Latice paramenters (d100 and ao) of S-Zr-MCM-41 samples 
Sample d100(A
o) ao(nm) 
MCM-41 39.2 45.3 
S-4Zr/MCM-41 39.3 45.3 
S-8Zr/MCM-41 39.4 45.5 
S-12Zr/MCM-41 42.7 49.4 
S-15Zr/MCM-41 43.4 50.1 
S-20Zr/MCM-41 42.3 48.9 
 
3.2. Fourier Transform Infrared spectroscopy (FTIR) 
As observed in figure 2, in the FTIR spectra of all S-Zr-MCM-41 samples, the 
peak of Si-OH group at 3450 cm-1 appeared. The peak at 1640 cm-1 assigned to the H-
O-H deformation vibration, the peak at 1084 cm-1, characteristic for O–S-O 
symmetric valence vibration, the peak at 825 cm-1 and 550 cm-1 attributed to Si-O and 
Zr-O group, respectively [26-28]. 
 Figure 2. FTIR spectra of S-Zr-MCM-41 samples 
 
3.3. Transmission Electron Microscopy (TEM)  
The ordered pore structure of MCM-41 based samples is obvious at the TEM 
images (Figure 3). HR-TEM images of the MCM-41 catalysts with different Zr-
loading (8-20 wt%) shows the absence of particles or nanoparticles corresponding to 
the Zr-based oxide structures. These phenomena correlate with the XRD results 
(Figure 1.) and show that the Zr is incorporated into the mesopore structure of the 
MCM-41.  
   
Figure 3. HR-TEM images of MCM-41 (a) S-8Zr-MCM-41 (b) S-15Zr-MCM-41 (c) 
and S-20Zr-MCM-41 sample (d) 
 
3.3. Energy Dispersive X-Ray spectroscopy (EDX) 
Zr content in solid S-Zr-MCM-41 samples was determined by EDX. Table 2. 
shows the elemental composition of S-Zr-MCM-41 catalysts. The Zr content in solid 
product increased with increasing Zr content in the gels and the amount of Zr in solid 
product is closed to that of the pristine gel. It is interesting to note that the Zr content 
was 16.8 % in the case of S-20Zr-MCM-41 sample showing that the structural 
skeleton is not able to uptake the initial 20% of the Zr. The success of the 
sulphurization was indicated by the presence of ~10 wt% of sulphur in the samples 
regardless of the Zr content. 
Table 2. Element composition (wt%) of S-Zr-MCM-41 samples  
Sample Silicon (% 
wt) 
Zirconium (% 
wt) 
Sulfur (% wt) Total 
S-4Zr-MCM-41 85.95 3.84 10.21 100 
S-8Zr-MCM-41 81.27 7.23 11.50 100 
S-12Zr-MCM-41 77.73 10.02 12.25 100 
S-15Zr-MCM-41 73.44 14.78 11.78 100 
S-20Zr-MCM-41 69.54 16.78 10.68 100 
 
3.4. N2 adsorption –desorption, isotherms (BET) 
From the adsorption-desorption isotherm of the sample MCM-41 (Figure 4.), 
the formation of the hysteresis loop at P/Po of 0.85 was observed. This is a typical 
feature of the mesoporous materials. Thus, for microporous materials, no hysteresis 
loop appeared. This hysteresis is due to the pores of large size (meso pore)  causing 
the capillary condensation of nitrogen. All S-Zr-MCM-41 samples showed high 
surface area of 870 -1200 m2/g and mesopore volume of 0.74-1.27 cm3/g (Table 3.). 
However, with increasing the Zr content, mesopore volume and pore diameter 
decreased. This indicated the deformation effect of Zr-ions incorporated into the 
structure of the MCM-41 skeleton. Thus, with increasing Zr-loading, the meso-pore 
volume and pore diameter decreased at the extent of 50-60%. 
 Figure 4. N2 adsorption –desorption isotherms of MCM-41 and S-Zr-MCM-41 
samples 
 
Table 3. Textual characteristics of MCM-41 and S-Zr-MCM-41 samples 
Sample SBET (m
2/g) Smesopore (m
2/g) Vpore (cm
3/g) D (nm) 
MCM-41 1190.7 826.2 1.99 6.0-6.1 
S-4Zr-MCM-41 1242.6 824.5 1.27 3.6-3.7 
S-8Zr-MCM-41 1040.1 663.6 0.91 3.4-3.5 
S-12Zr-MCM-41 912.8 600.8 0.85 3.5-3.6 
S-15Zr-MCM-41 1021.6 590.9 0.75 3.0-3.1 
S-20Zr-MCM-41 873.9 574.5 0.74 3.3-3.6 
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3.5. Temperature programed desorption of NH3 (NH3-TPD)  
NH3-TPD profiles of S-Zr-MCM-41 with different Zr loading are showed in Figure 5. 
For all S-Zr-MCM-41 samples, NH3 desorbed at Tmax of 140-170 
oC, 250-270 oC and 
470-570 oC which correspond to the weak (physisorbed NH3), Bronsted acidic and 
Lewis acidic sites, respectively [29]. As literature mentioned before [18-21], it is 
posibble that in the case of the S-Zr-MCM-41 samples, both Bronsted and lewis acid 
sites are formed. Thus, the substitution of Si4+ by Zr4+ leads to create the lewis acid 
sites and the sulfonation of Zr-MCM-41 leads to create the Bronsted acid sites H-
SO3
-.  
 
 
Figure 5. NH3-TPD profiles of S-Zr-MCM-41 with different Zr loading content 
  
The amount of NH3 desorbed for S-Zr-MCM-41 sample is different, depending 
on the Zr loading (Table 4). For the S-Zr-MCM-41 with 8 wt% Zr loading has the most 
amount of surface lewis acidic sites. In the case of the Broensted acidic sites, the 
amount of the sites were following the S-15Zr/MCM-41, S-8Zr/MCM-41 and S-
20Zr/MCM-41 pattern. It is clearly seen, that the ratio of the Broensted acidic sites and 
the Lewis acidic sites is different and depends on the Zr loading. Thus, the substitution 
Mẫu 
xúc tác 
Độ axit ml NH3/g xúc tác 
Yếu 
Trung 
bình Cao 
Độ axit 
tổng 
8Zr 0.415 0.799 0.593 1.807 
15Zr 0.404 0.986 0.419 1.809 
20Zr 0.385 0.49 0.384 1.259 
 
of Si4+ by Zr4+ leads to create the lewis acid sites and the sulfonation of Zr-MCM-41 
leads to create the Brønsted acid sites of –H-SO3-. However, the amount of the sites are 
not correlate with the amount of Zr or/and S loading of the catalysts. The synergetics of 
the skeleton structure, Zr-loading and surface sulphur concetration leads to the special 
amounts and ratios of the different acidic sites. 
 
Table 4. NH3 amount desorbed at different temperature for S-Zr-MCM-41 with 
different Zr loading 
Sample 
mmol desorbed NH3/g S-Zr-MCM-41 at 
different temperature range 
Total mmol 
NH3 
Tmax 
140 -170 oC 
Tmax 
250-270 oC 
Tmax 
470 -570 oC 
Tmax  
140-570 oC 
S-8Zr/MCM-41 0.415 0.799 0.593 1.807 
S-15Zr/MCM-41 0.404 0.986 0.419 1.809 
S-20Zr/MCM-41 0.385 0.49 0.384 1.259 
 
3.6. Conversion of cellulose to 5-HMF 
From the proposed mechanism in the literature, conversion of cellulose to 5-
HMF occurs through three step reaction: Hydrolysis of cellulose to glucose catalyzed 
by Brønsted acid sites, isomerization of glucose to fructose mediated by lewis acid sites 
and dehydration of fructose to 5-HMF facilitated by Brønsted acid sites. Therefore, 
cellulose conversion to 5-HMF needs both Brønsted and lewis acid sites. S-Zr-MCM-41 
catalysts contain both Brønsted and lewis acid sites corresponding to the NH3-TPD 
results. 
Catalytic performance (activity and selectivity) of sulfonated Zr-MCM-41 
catalysts in the cellulose conversion to 5-HMF was presented in the table 5. All S-Zr-
MCM-41 samples regardless to the Zr-loading exhibited high conversion of 63 -70%. 
However, selectivity torward to 5-HMF between S-Zr-MCM-41 samples was 
considerably differentiated. The selectivity was increasing with the Zr-loading upto 
15%. The highest activity and selectivity was produced by the S-15Zr-MCM-41 
catalyst. This sample has one of the highest surface area, while the pore volume and 
surface area distribution of mesopores were decent compared to the other catalysts. It 
is interesting to note, that this catalyst has the most Bronsted acidic sites and the 
ration of the Bronsted acid and the Lewis acidic sites are the highest, too (~2.5) 
compared to other MCM-41-based samples. The balance of Lewis and Bronsted acid 
sites and the improvement of 5-HMF selectivity by using the catalysts with the high 
Lewis/bronsted acid sites ratio were reported [30, 31]. In the future, S-Zr-MCM-41 
sample will be treated with milder sulfonation condition by using the diluated H2SO4 
concentration towards higher 5-HMF selectivity. 
 
Table 5. Catalytic performance of S-Zr-MCM-41 catalysts in the conversion of 
cellulose to 5-HMF 
Sample C(%) S (%) Y(%) 
S-4Zr-MCM-41 63.27 2.99 1.89 
S-8Zr-MCM-41 64.51 10.60 6.83 
S-12Zr-MCM-41 69.48 11.37 9.02 
S-15Zr-MCM-41 70.15 16.39 11.49 
S-20Zr-MCM-41 68.63 9.39 6.44 
 
Conclusions 
From the obtained results, some conclusions could be drawn: 
 A serie of S-Zr-MCM-41 with different Zr loading was successfully synthesized by 
direct incorporation of Zr into MCM-41 framework and followed by sulfonation.  
  S-Zr-MCM41 samples were characterized by XRD, FTIR, HR-TEM, BET, EDX 
and NH3-TPD. From XRD and BET results, it revealed the meso-structure of MCM-
41 material. HR-TEM images showed the formation of cluster-free MCM-41 
structures. NH3-TPD result confirmed the presence of Bronsted as well as Lewis 
acidic sites in S-Zr-MCM-41 catalysts, which catalyst has the most Bronsted acidic 
sites and the highest ratio of the Bronsted acid and the Lewis acidic sites.  
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